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1. Introduction
Due to its low fabrication costs, environmentally friendly man-
ufacturing materials and remarkably high power conversion ef-
ficiency, the dye-sensitized solar cell (DSC) has been attracting
increasing scientific and industrial interests ever since its incep-
tion in 1991.[1] The DSC comprises a dye-sensitized nanocrystal-
line porous TiO2, impregnated by a hole transporting material,
such as a liquid electrolyte containing the iodide/triiodide
ACHTUNGTRENNUNG(I/I3
) redox couple. Under illumination, fast electron injection
takes place from the photoexcited dye molecules into the con-
duction band of the oxide semiconductor, followed by dye re-
generation and hole transport to the counter electrode. The in-
jected electrons diffuse through the oxide film to the current
collector and pass subsequently via the external circuit to the
counter electrode, where the reduction of the hole carrier, for
example, triiodide ions, completes the cycle of events effecting
electric power generation from sunlight.[2, 3] Record efficiency
cells using the ruthenium complexes sensitizer and a volatile
electrolyte have achieved a conversion efficiency of over 11%
following optimization of the electrolyte and the mesoscopic
structure of the TiO2 electrode.
[4,5] However, for its widespread
practical use, it is necessary to prevent solvent evaporation
and maintain device stability during long-term thermal stress
to ascertain 20 years operation under natural conditions.
The advantage of using an amphiphilic polypyridyl rutheni-
um sensitizer such as Z-907 for maintaining the DSC device
stability was first demonstrated in 2003. Subsequently Z-907
was widely used with a non-volatile, lithium-free 3-methoxy-
proprionitrile (MPN)-based electrolytes.[6–10] Compared to aceto-
nitrile, these non-volatile electrolytes showed a somewhat
lower but more stable conversion efficiency under prolonged
thermal stress at elevated temperatures. In this report, a series
of MPN-based electrolytes are prepared with different concen-
trations of PMII and its influence on the photovoltaic perform-
ance and stability of the DSC is studied.
2. Results and Discussion
The recombination of injected electrons with the oxidized sen-
sitizer is a loss channel, which reduces the photocurrent of the
cell. Hence, to avoid this electron loss, sufficiently fast regener-
ation of the dye cation by iodide is needed. A series of electro-
lytes with different iodide concentration from 0.5 to 2.5m are
employed in the experiments. The limiting anodic current of
the electrolyte is measured with ultra-microelectrode techni-
que. The apparent diffusion coefficient Dapp of iodide is calcu-
lated from the anodic steady-state currents (Iss) using Iss=
4ncaFDapp, where n=2 is the number of electrons transferred
during iodide oxidation, F is the Faraday constant, a is the
radius of the ultra-microelectrode, and c is the bulk concentra-
tion of electroactive species.[12] Dapp values are presented in
Figure 1 as a function of PMII concentration keeping a con-
stant iodine concentration of 0.15m in all the electrolytes.
Within the range of PMII concentrations from 0.5 to 2.5m, Iss
increases from 229 to 817 nA, while Dapp decreases from 5.53
106 to 4.17106 cm2s1. Diffusion by a physical and bond ex-
change (Grotthuss) mechanism has been proposed to occur in
electrolytes containing the I/I3
 redox couple.[13] When both
simple physical diffusion and exchange reaction are present,
Dapp can be rationalized by the Dahms–Ruff Equation (1):
[14–18]
Dapp ¼ Dphys þ Dex ¼ Dphys þ kexd2c=6 ð1Þ
where Dphys is the physical diffusion coefficient, kex is the ex-
change-reaction rate constant, and c and d are the concentra-
tion and center-to-center distance between the redox species
Dye-sensitized solar cells based on nanocrystalline TiO2 have
been fabricated with an amphiphilic ruthenium sensitizer
NaRu(4-carboxylic acid-4’-carboxylate)(4,4’-dinonyl-2,2’-bipyri-
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concentration of 1-methyl-3-propylimidazolium iodide (PMII).
The short-circuit photocurrent density increases with increas-
ing iodide concentration until at 1.5m practically quantitative
dye regeneration is achieved as proved by time-resolved laser
experiments. Devices containing 1.0m PMII electrolyte show
excellent stability during long-time thermal aging at 80 8C and
under light soaking at 60 8C.
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participating in the exchange reaction. The observed linear de-
crease of Dapp is due to an increase in the viscosity of the elec-
trolyte with iodide concentration. This indicates that the vis-
cosity-dependent Dphys term dominates over Dex. The latter
contribution is small due to the low ratio of I3
/I , that is, the
large excess of iodide in the electrolyte. Wanatabe et al. inves-
tigated Grotthuss transport in I/I3
 containing ionic liquid
system and their results confirmed that the contribution of Dex
to Dapp at high iodide/triiodide concentration ratios in the elec-
trolyte is negligible[19,20] in agreement with our results.
Table 1 lists the complete set of photovoltaic parameters ob-
tained with these electrolytes under illumination with AM 1.5
sunlight (100 mWcm2). The short-circuit current densities (Jsc)
for PMII concentrations of 0.5, 0.8, 1.5m, are 12.0, 13.2 and
14.3 mAcm2, respectively. The corresponding conversion effi-
ciencies are 5.9%, 6.6% and 7.4%, respectively, following the
trend observed in Jsc. Both Jsc and h reach a plateau at a PMII
concentration of 1.5m. Interestingly, the open-circuit voltage
(Voc) increases from 720 to 740 mV over this concentration
range, which runs counter to thermodynamic expectations, in-
dicating that the Voc is kinetically controlled by the dark cur-
rent at the working electrode. This dominates over the de-
crease in the potential of the counter electrode, which accord-
ing to the Nernst equation amounts to 62 mV for the five-fold
increase in iodide concentration, neglecting changes in the ac-
tivity coefficients of the electroactive species.
Laser transient absorbance measurements were performed
to scrutinize the dynamics of the recombination of the elec-
trons injected in the conduction band of TiO2 (e

cb) with the oxi-
dized dye (S+) and that of the dye regeneration reaction with
iodide. The kinetic competition between these two charge-
transfer processes [Equations (3) and (4)] determines the
photon-to-current conversion efficiency (IPCE) of the device,
along with the yield for light harvesting, electron injection and
charge carrier collection. Figure 3 displays the temporal evolu-
tion of the absorbance measured at l=680 nm of a transpar-
ent Z-907Na dye-sensitized TiO2 film upon pulsed laser excita-
tion at 600 nm (pulse duration 5 ns; pulse fluence, 25 mJ cm2).
Ultrafast electron injection [Eq. (2)] produces the appearance
of a positive transient signal recorded at 680 nm, which is
mainly due to light absorption by the oxidized sensitizer (S+).
In the absence of iodide donor (trace a), this signal decays as a
consequence of recapture of the conduction band electron by
the oxidized dye [Eq. (3)]:
S* jTiO2 ! SþjTiO2 þ ecbðTiO2Þ ð2Þ
SþjTiO2 þ ecbðTiO2Þ ! SjTiO2 ð3Þ
SþjTiO2 þ 2 I ! SjTiO2 þ I2 C ð4Þ
Figure 1. Dependence of steady-state current (square) and iodide diffusion
coefficient (dot) on the concentration of PMII in the electrolyte.
Figure 2. Dependence of photocurrent density and power conversion effi-
ciency of devices under AM 1.5 full sunlight (100 mWcm2) on the concen-
tration of PMII. The iodine concentration is kept at 0.15m.
Table 1. The complete set of photovoltaic parameters for DSCs based on
Z907 sensitizer and different electrolytes with various PMII concentrations
measured under AM 1.5 full sunlight (100 mWcm2).
PMII conc. [m] Jsc [mAcm
]2 Voc [mV] FF h [%]
0.5 12.00.3 72010 0.660.03 5.90.3
0.8 13.20.4 74510 0.650.02 6.60.2
1.0 13.80.4 73515 0.670.03 7.00.2
1.5 14.30.4 73510 0.680.02 7.40.3
2.0 14.30.3 73510 0.690.02 7.30.3
2.5 14.20.4 74010 0.690.02 7.30.3
Figure 3. Transient absorbance decay kinetics of the oxidized state of Z-
907Na dye adsorbed on nanocrystalline TiO2 films in pure MPN solvent (a),
and in the presence of electrolytes of increasing PMII concentration: 0.5m
(b), 0.8m (c), 1.5m (d), 2.0m (e), and 2.5m (f). Absorbance changes were
measured at a probe wavelength of 680 nm, employing 600 nm pulsed laser
excitation (5 ns fwhm pulse duration, 25 mJ cm2 pulse fluence). Solid lines
drawn on top of experimental data are double exponential fits of the transi-
ent decays.
ChemPhysChem 2009, 10, 1834 – 1838  2009 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemphyschem.org 1835
Dye-Sensitized Solar Cells
The recorded kinetics reported in Figure 3 could not be
fitted by a simple first-order law. Hence half reaction times
ACHTUNGTRENNUNG(t1/2) were extracted to quantify the process. Average pseudo-
first-order rate constants kr’=1/t1/2 are computed from these
data and yields (hreg) for the dye regeneration are calculated
using the simple relation in Equation (5):
hreg ¼ kr 0=ðkr 0 þ kbÞ ð5Þ
where kb is the reciprocal of the half-life time of S
+ measured
in the absence of iodide. Figure 3 trace a, displays the kinetics
of the S+ transient absorbance decay through charge recombi-
nation in pure MPN, showing a typical t1/2 of about 400 ms. In
the presence of 0.5m iodide (trace b), the decay of the oxi-
dized dye signal is accelerated to t1/2 ~80 ms due to the dye re-
generation by the mediator [Eq. (4)] intercepting the back-elec-
tron transfer. The half-life time shortens to t1/2 ~30 ms for a
PMII concentration of 0.8m (trace c). By the definition of Equa-
tion (5), the yield of dye regeneration hreg is calculated to be
83% and 93% at 0.5 and 0.8m PMII, respectively, in keeping
with the results obtained previously using a similar system.[6]
This limits the incident photon to current conversion efficiency
and hence the photocurrent density delivered by solar cells
using these two electrolytes. Increasing the PMII concentration
beyond 0.8m expedites further the interception of charge re-
combination. Thus at 1.5m PMII (trace d), S+ decays with t1/2
~20 ms increasing the yield of interception to 95 percent. Fur-
ther increase in iodide concentration to 2.0 and 2.5m gives t1/2
values of 10 ms and 7 ms (traces e and f), respectively. The cor-
responding augmentation of the yield of dye regeneration
from to 97% and 98% is not reflected in the short circuit pho-
tocurrent values, which remains constant at the higher iodide
concentration (Figure 2) and the predicted small additional in-
crease being probably within the error limit of the measure-
ments.
Figure 4 plots the change of the reciprocal half reaction
time 1/t1/2 versus the concentration of iodide in the electrolyte.
The obtained concentration dependence is not linear for 0<
[I]<1.5m, showing that the dye regeneration kinetics cannot
be simply approximated by a pseudo first order rate law at
lower concentrations. The slope of the function 1/t1/2= f ([I
])
increases from a value of 2104m1 s1 for [I]0.5m to ap-
proximately 1105m1 s1 for [I]2m. As the iodide concen-
tration exceeds 1.5m, the slope stays rather invariable, thus
yielding a second-order rate constant kr’’1105m1 s1. This
value is comparable with that obtained for PMII/EMIDCN
binary ionic liquids associated with the same Z-907 dye sensi-
tizer,[21] where a second-order rate constant kr’’= (t1/2[I
])1
105m1 s1 can be roughly estimated for the interception re-
action. The observed sublinear function for [I]<1.5m in
Figure 4 indicates that a kinetic salt effect is operative, that is,
the apparent concentration of iodide reacting with the S+ spe-
cies is smaller than the bulk concentration of the electrolyte.
This suggests that a repulsive interaction exists between I
anions and the dyed surface. In addition the two nonyl-chains
of the Z-907 hinder sterically the access of iodide to the reac-
tive site of the oxidized sensitizer molecule. A much higher
value of the second-order rate constant kr’’2107m1 s1 was
observed for systems associating LiI electrolytes and [cis-
RuII(2,2’-bipyridyl-4,4’-dicarboxylate-H)2ACHTUNGTRENNUNG(NCS)2]2-(TBA
+)2 (N-719)
dye sensitizer, whose ligands do not carry any aliphatic
chain.[22] It is then quite evident that the two nonyl groups
equipping the Z-907 dye oppose a barrier to the approach of
iodide anions and cause a decrease of the interception reac-
tion rate constant by 2 orders of magnitude. The use of this
particular dye, which was found otherwise to be very beneficial
to the stability of the solar cell, then implies that high iodide
concentrations are required to allow for the efficient intercep-
tion of the back-electron transfer from the photoinjected elec-
trons to the oxidized sensitizer, S+ .
Accelerated thermal stability tests were performed with
carefully sealed devices. Cells were fabricated using electrolytes
comprising 1.0, 1.5, and 2.5m PMII and stored in the oven at
80 8C for 1000 hour exposure. Results shown in Figure 5 reveal
that devices based on 1.0m PMII show superior stability to the
others, less than 10% decrease in short-circuit photocurrent
density and photovoltaic conversion efficiency being witnessed
during 35 days of aging at 80 8C. The 1.5 and 2m PMII electro-
lytes are less stable, showing a ~15% decrease in efficiency
Figure 4. Dependence of the first order rate constant kr’=1/t1/2 of the inter-
ception of the oxidized dye by iodide upon the concentration of free I in
the studied series of electrolytes. Data points are extracted from the decay
kinetics of Figure 3. The dashed straight line has a slope of 1105m1 s1,
while the solid curve is only for visualization.
Figure 5. Temporal evolution of normalized photovoltaic parameters of devi-
ces fabricated with electrolytes containing a) 1.0, b) 1.5, c) 2.0m PMII during
successive thermal aging at 80 8C.
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during the same time. Preliminary results appear to corrobo-
rate that a higher iodide concentration is detrimental to ther-
mal stability probably due to dye replacement at the surface
by I at the high salt levels as indicated by the continuous
drop in short-circuit photocurrent density of devices with 2.0m
PMII containing electrolytes.
To examine the photo-stability of the cells, they were sub-
jected to long term light soaking in a solar simulator at full in-
tensity raising the device temperature to 60 8C light. Results il-
lustrating the time evolution of the photovoltaic parameters
are shown in Figure 6. For devices containing 0.5 and 1.0m
PMII, a slight drop in Voc was compensated by an increase in
Jsc. The overall performance of the cells had barely changed
after 5 weeks of aging. On the other hand, the efficiency of
the device with 2.5m PMII decreased notably, due to the loss
in Voc and a lack of mitigation by Jsc.
3. Conclusions
In summary, with the aid of microelectrode, steady-state cur-
rent of a series of non-volatile electrolytes with different PMII
concentrations was measured and the apparent diffusion coef-
ficient was found to decrease linearly with the increase of PMII
concentration. Laser flash results demonstrated that PMII con-
centrations lower than 1m are responsible for incomplete dye
regeneration. Additionally, further increase in iodide concentra-
tion became kinetically redundant for charge recombination
between oxidized dye sensitizer and electron in the conduc-
tion band of TiO2. Devices show excellent long-term stability
during light soaking at 60 8C and thermal aging at 80 8C with
electrolyte composed of 1.0m PMII.
Experimental Section
Reagents and Electrolytes: All chemicals and solvents used in the
present work were of puriss quality. N-methylbenzimidazole (NMBI)
was purchased from Aldrich and recrystallized from diethylether
before use. 3-Methoxypropionitrile (MPN) puriss quality was ob-
tained from Fluka and distilled before use. NaRu(4-carboxylic acid-
4’-carboxylate)[4,4’-dinonyl-2,2’-bipyridine] (NCS)2, coded as
Z-907Na, and 1-methyl-3-propylimidazolium iodide (PMII) was pre-
pared according to the literature method[6] and its purity confirmed
by 1H NMR spectroscopy. 400 nm-sized TiO2 particles were received
as a gift from CCIC (Japan). All the electrolytes contained 0.15m I2,
0.1m guanidinium thiocyanate, 0.5m N-methylbenzimidazole and
different concentrations of 1-propyl-3-methylimidazolium iodide
ranging from 0.5m to 2.5m as the iodide source in MPN solvent.
As iodine associate readily with I to form I3
 , in all the electro-
lytes, the concentration of triiodide is 0.15 m. Hence, the final con-
centration of I in all these electrolytes was in the range of
0.35–2.35M.
Spectroscopic Measurements: For photoelectrochemical measure-
ments, a 450 W xenon light source (Oriel, USA) was used to pro-
vide an intensity of 100 mWcm2 (the equivalent of one sun at
global AM 1.5) at the surface of the solar cell. The spectral output
of the lamp was adjusted in the region of 350–750 nm with the
aid of a Schott K113 Tempax sunlight filter (Przisions Glas & Optik
GmbH, Germany) so as to reduce the mismatch between the simu-
lated and true solar spectra to less than 2%. Various incident light
intensities were regulated with neutral wire mesh attenuators. The
current voltage characteristics of the cell under these conditions
were obtained by applying an external potential bias to the cell
and measuring the generated photocurrent with a Keithley model
2400 digital source meter (Keithley, USA).
Cyclic voltammetry measurements were performed on a computer-
controlled Autolab P20 electrochemical workstation (Eco Chimie,
Netherlands). A two-electrode electrochemical cell, consisting of a
5.0 mm radius Pt ultra-microelectrode as working electrode and a
Pt foil as counter electrode, was used for measurements of the
iodide diffusion coefficient and iodide flux. Due to the possible
liquid junction potential, the used reference electrode was calibrat-
ed by measuring the redox potential of ferrocene dissolved in
MPN.
Nanosecond Laser Transient Absorbance Measurements: Dye-sensi-
tized, 8 mm thick transparent nanocrystalline TiO2 films were irradi-
ated by nanosecond laser pulses produced by a Powerlite 7030
frequency-tripled Q-switched Nd:YAG laser (Continuum, USA)
pumping an OPO-355 optical parametric oscillator (GWU, Germany)
tuned at 600 nm (30 Hz repetition rate, pulse width at half-height
of 5 ns). To inject on the average less than one electron per nano-
crystalline TiO2 particle, the pulse fluence was attenuated to a max-
imum of 25 mJ cm2 by use of absorptive neutral density filters. The
probe light from a Xe arc lamp was passed through an interference
filter monochromator, various optical elements, the sample, and a
grating monochromator before being detected by a fast photo-
multiplier tube. Averaging over ca. 2000 laser shots was necessary
to obtain satisfactory signal/noise ratios.
Device Fabrication: A double-layer TiO2 mesoscopic film was used
as the photoanode. A 10 mm thick transparent layer of 20 nm-sized
TiO2 particles was first printed on the fluorine-doped SnO2 con-
ducting glass electrode and further coated with a 4 mm thick
second layer of 400 nm-sized light scattering anatase particles. The
details for the preparation of mesoscopic TiO2 film has been descri-
bed elsewhere.[11] The double-layer structured TiO2 electrode was
first sintered at 500 8C for 20 min and cooled at ambient tempera-
ture down to 80 8C. It was then immersed into the dye solution at
room temperature for 12 h before assembly with a thermally plati-
nized conducting glass counter electrode. The dye solution consist-
ed of 0.3 mm Z-907Na in acetonitrile and tert-butyl alcohol
Figure 6. Temporal evolution of photovoltaic parameters of devices fabricat-
ed with electrolytes containing a) 0.5, b) 1.0, c) 2.5m PMII under the light
soaking condition at 60 8C.
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(volume ratio, 1:1). The electrodes were separated by a 35 mm
thick Bynel hot-melt ring (DuPont, USA) and sealed by heating.
The internal space was evacuated and then filled with electrolyte
through a filling hole made by a sandblasting drill on the counter
electrode glass substrate. Finally, the electrolyte introduction hole
was sealed with a Bynel sheet under a thin glass cover by heating
to produce the device.
Stability Test: Hermetically sealed cells were used for long term sta-
bility tests under visible light soaking (60 8C) and high temperature
(80 8C) conditions. For visible light soaking experiment, the cells
were covered with a 50 mm-thick polyester film (Preservation
Equipment Ltd, UK) as a UV cutoff filter (below 400 nm) and irradi-
ated at open circuit under a Suntest CPS plus lamp (ATLAS GmbH,
100 mWcm2, 60 8C). Some cells were subjected to more critical,
high temperature stability test by putting them in the oven (80 8C)
in the darkness. Photoelectrochemical measurements were carried
out after the cells were irradiated at open circuit under the above
mentioned light soaking condition for 1 h and allowed to cool and
equilibrate at room temperature for another hour.
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